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Preface

The study of aircraft flight control is a very broad field. In

selecting a thesis topic, I was interested in choosing a project that

would permit me to experience as many aspects of this field as possible.

This necessitated that the project be small enough in scope that it

afforded me the opportunity to engage in analysis as well as design.

The NEXTRPV program was well suited to meet this goal. Whereas this

project is not necessarily glamorous, it gave me the chance to exper-

ience "basic" engineering which I believe is an important part of any

education.

This thesis originally began as strictly a flight coitrol system

analysis and design for an existing remotely piloted vehicle (RPV). As

the project progressed, it became evident that the RPV was fairly stable

and would not need as much flight control augmentation as initially

anticipated. Therefore, this thesis was extended to include an investi-

gation of a practical application of this RPV.

Hany people contributed to this thesis. To each of them, I say

thank you. Special thanks goes to my thesis advisor, ,aptain James T.

Silverthorn, for his numerous suggestions and neverending attention.

My gratitude is extended to Professors Robert A. Calico and John J.

D'Azzo whose assistance was invaluable. My appreciation is also ex-

pressed to Mrs Anna Lloyd for preparing this manuscript. Lastly, I

would like to thank my wife, Susan, whose constant support, encourage-

ment, and understanding made the completion of this project possible.

Brian L. Jones
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Abstract

This study investigated the stability and control of a remotely

piloted vehicle (RPV) with a thrust vectoring unit attached. All

geometric and aerodynamic data was generated and used to analyze

the RPV. Specific handling qualities were developed and compared

with the RPV characteristics. This comparison indicated that the RPV

was too oscillatory in both the phugoid and dutch roll modes. Also,

the RPV displayed a dominant spiral node. A flight control system

was synthesized to eliminate these traits. Evaluation of this flight

control system was conducted through the use of three different

sensitivity studies and a notlinear simulation. In addition, a model

matching application was examined for this RPV. Model matching entails

using design procedures to synthesize an expanded flight control system

so that the RPV has dynamic characteristics similar to the F-15.

1
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FLIG'liT CONTIOL SYSTEM ANALYSIS AND DESIGN FOR

A REMOTELY PiLO1IU) VEUHICLE WITH THRUST VECTORING UNIT

I. Introduction

Background

In aircraft design, the aeronautical engineer is faced with many

design objectives. For military aircraft, these objectives would in-

clude such traits as: low observability, high lethality and survivabil-

ity, STOL capability, and lastly, air-to-air and air-to-ground capabil-

ity. Several schools of thought exist on how to satisfy thce objectives.

One alternative is the use of a thrust vectoring unit (TVU). With such

a unit employed, the tail section could be removed without any reduction

in aircraft control. This would reduce the infrared signature and h:nca

lower an aircraft's observability. Also, thrust vectoring increases an

aircraft's maneuverability, which, in turn, increases its lethality and

survivability while enhancing its air-to-air and air-to-ground carabil-

ity. In addition, thrust vectoring has been shown to improve an air-

craft's STOL capability.

'.ith a continual reduction in funding, the Air Force n-cds to find

iric :ersive ways in which to develop and test such thcorlos as thrust

vectorins. Ono answer to this p'nblem is using remr.otely piloted ve-

hicles (RPVs) as fliqht test vehicles. RPVs can be operated at l small

fraction of the cost of a test aircrdft, resulting in ul-bstantiol

savings in research dollars.

The two above mentioned concepts were combined to form the NFIXIRPV

program under the direction of the 1,ontrol Systems Develupm,'nt B1ranch



(AFWAL/FIGL), Flight Dynamics Laboratory, Air Force Wright Aeronautical

Laboratories. Their stated objective was to

demonstrate the use of practical thrust vectoring and digital
flight control systems in a low cost flight research vehicle
oriented toward a more stealthy design with an expanded maneuver-
ing envelope.

The approach the laboratory intended to pursue was to first integrate

the TVU into the RPV through an analog control system. Flight control

authority would gradually be transferred to the TVU over a series of

test flights. Following the successful completion of the TVU full

authority test flight, the entire procedure would be repeated using a

digital control system. At the conclusion of this phase, the tail

section would be removed for a final performance evaluation.

The RPV chosen for this program suited it well for several reasons.

Since this RPV was obtained from a previous program, it had already been

flight proven. Thus, all considerations other than flight control system

(FCS) Cesig3n were elininated from this project. Also, the twin boom/

vertical tai' assembly required little modification for the TVU addition

(see Fig J). L._stly, since the RPV was already constructed, the associ-

ated develcpmienL costs were saved.

Prohlnl Statcment, Scope, atnd Assumptions

The purpose of this study was to determine the stability and con-

trol characteristics, develop specific handling qualities, synthevsize a

FCS to satisfy these handling quilities, and investigate a practical

application of this RPV.

This study was restricted to the TVU zero authority case. In other

words, the TVU was attached to thn RPV, but was given no control

'2



authority. The only exception appeared in the basic analysis. In this

phase, center of gravity location and TVU attachment were used as

parameters. X-axis center of gravity (xcg) assumed three locations:

10, 25, and 40 percent mean aerodynamic chord (mac). The TVU attached

and unattached cases were examined for each xcg location. The practical

application was restricted to the longitudinal case. As shown in Chapter

V, the lateral-directional case would simply be a repetition of the

same theory.

Initially, several simplifying assumptions were imposed. Perturba-

tions about straight and level flight were assumed. This allowed the

linearized aircraft equations of motion to be decoupled into longitudinal

and lateral-directional sets. For the FCS design, only pitch, roll, and

yaw rates were acceptable feedbacks. It was further assumed that a

processing unit would be accessible should compensation be required.

Lastly, full state feedback was assumed available for the practical

application.

App roach and Presentation

This study was separated into four major phases. Phase one con-

sisted of obtaining all necessary geometric and aerodynamic data for

this RPV, followed by the generation of six sets of stability derivatives

(TVU attached and unattaced cases for three xcg locations). These sets

made up the mathematical models used in this study. Chapter II of

this report presents the results of phase one.

The basic analysis of the RPV corstituted phase two. This analysis

began with the development of specific RPV handling qualities. The

aircraft equations of motion were derived and a modal analysis of the

six models generated in phase one was conducted. Phase two concluded

3



with a comparison of the modal analysis with the RPV handling qualities.

The report on phase two is contained in Chapter III.

Phase three involved the design and evaluation of a FCS to satisfy

all the handling qualities. Sensitivity studies and a nonlinear simu-

lation were used to evaluate the FCS. Phase three is documented in

Chapter IV.

Lastly, phase four entailed an investigation into a practical appli-

cation (model matching) for this RPV. An expanded FCS was synthesized

to make this RPV have dynamic characteristics similar to an F-15. Three

different design procedures were examined and are described in Chapter V.

The final chapter of this report, Chapter V1, presents conclusions

and recommendations.

4



II. RPV Model Generaion

Aircraft stability and control characteristics are usually examined

based upon a linearized set of differential equations of motion. The

development of these equations (see Chapter III) contains numerous param-

eters which fall into three categories: physical quantities, flight con-

dition defining quantities, and stability derivatives. The purpose of

this chapter is to generate these parameters for this particular RPV.

Method

The physical quantities (mass, moment of inertia, etc.) and flight

condition defining terms (airspeed, dynamic pressure, etc.) were easily

determined from the size of the RPV and its expected flight regime.

Thus, the major crux of the model generation became calculating the

stability derivatives. Applicable publications were consulted in order

to determine the most appropriate method of calculating these deriva-

tives. Most publications reviewed listed The USAF Stability and Control

DATCOM (Ref 8) as a reference. These manuals contain empirical formulas

and methods for determining stability and control derivatives, aircraft

moments of inertia, etc. A computerized version of these methods appears

as The USAF Stability and Control Digital Datcom (Ref 18). Due to the

widespread acceptance of Datcom methods and the versatility of a com-

puter program, it vias decided that Digital Datcom would be the best

source of stability derivatives.

_nput Data for Digital Datcom

Digital Datcom requires three types of input data: aircraft

geometry, airfoil section characterisLics, and flight condition.

4 5



Aircraft geometry was obtained by directly measuring the RPV's physical

dimensions. A circular cross-section approxiimation was employed for

the fuselage and booms (see Fig 1). Table I is a summary of all

Fuselage Boom

Figure 1. Circular Cross-Section Approximation

for the Fuselage and Boom

measurements.

Two major modifications were planned for the RPV and were incor-

porated into the mathemacical model. The first was a two foot nose

extension and tUe second was the addition of c:he TVU. Both modifica-

tions were modelled as part of the fus~agje.

Next, airfoil section characteristics were euired for each air-

foil. The wing was found to have , ,a"ying iirfoil section, a NACA

23012 at th;e root and a NACA 44?2 at the tip. The horizontal tail was

a NACA 0009 while the vertical toils , ere NACA 0010 airfoil sections.

Since NACA airfoil sections li rre found (Ref 1), Digital Datcom's in-

ternal aerodynamics package was utilized for the generation of section

characteristics. An apprcxima Lion of the wien's varying airfoil section

was formulated by computing two sets of stability derivatives, one set

for each of the root and tip airfoil sections, and linearly averaging

the results. This approximation should be a'carate since the differ-

ence between the individual stability derivatives was small.

6



Table I. Physical Dimensions of the RPV

a. Wing, Horizontal Tail, and Vertical Tail Dimensions*

W. H.T. V.T.

Apex, ft:

x-axis 4.25 11.39 9.49
z-axis 0.60 2.10 0

Chord, ft:

root 2.52 1.29 2.15
tip 2.00 1.29 1.30

Incidence Angle, deg: 0.95 0 0

Span, ft:

exposed 13.00 4.88 2.17
theoretical 13.71 5.00 2.33

Sweptback Angle, deg:

leading edge:

inboard panel 3.50 0 35.00
outboard panel 3.50 0 35.00

trailing edge:

inboard panel 0 0 18.00
outboard panel -1 .40 0 18.00

* See Ref 18 for definitions of terms.

7



Table 1. (continued)

b. Fuselaqe Dimensions

x-station, ft perimeter, ft area, Ft 2  i ft

2.00 3.33 0.88 0.53
2.42 3.42 0.93 0.54
2.83 3.58 1.02 0.57
3.25 3.71 1.09 0.59
3.67 3.79 1.14 0.60
3.83 3.83 1.17 0.61
4.25 3.75 1.12 0.60
4.75 3.75 1.12 0.60
5.25 3.75 1.12 0.60
5.75 3.75 1.12 0.60
6.25 3.75 1.12 0.60
6.75 3.75 1.12 0.60

c. Boom Dimensions

x-station, Ft perimeter, ft area, ft 2  radius, ft

5.00 0.67 0.035 0.11 1
5.42 1.58 0.20 0.25
5.83 1.83 0.27 0.29 1
6.33 1 .92 0.29 0.30
6.75 1.67 0.22 0.26
7.17 1.62 0.21 0.26
7.58 1.58 0.20 0.25 '
8.00 1.50 0.18 0.24
8.42 1.42 0.16 0.22
8.83 1 .35 0.15 0.22
9.25 1.29 0.13 0.21
9.67 1 .21 0.12 0.19

10.03 1.12 0.10 0.18
10.50 1.00 0.080 0.16
10.92 0.92 0.067 0.15

11.25 0.83 0.055 0.13

3!



Fl i -ht condi tion drfi ning parameters w'as t-I ost ,, t of i put data

needed. AFter consideration of the engine capabil ities and thie flight

profiles expected, the airspeed regime was deter;;ined to range from

Mach 0.05 to Mach 0.20. Similarly, the angle of attack range was

formulated as -4 deg to 15 deg. Sea level conditions were assumed

for all quantities requiring atmospheric conditions.

Formulition of the RPV Representations

The choice of Digital Datcom specified the basic RPV representation

as a straight tapered wing and one vertical tail of ircrased area. It

was decided to employ a scale factor of 1.75 in increasing the vertical

tail area. This choice was somewhat aruitrary since no documentation

could be found on this type of approxi;,,ation. Geometric relationships

(sweepback angles) and aspect ratio were preserved in the scaling up of

the vertical tail.

In addition, the cross-sectional areas (in the body namelist) were

increased to include the effects of the booms. Because of the blanking

effect of the TVu, only the area of one boom was added to the fuselage.

When the TVU was ahsent from the PRPV configuration, the ar- of both

booms were added to the fuselage. All other data utilized in the

representations was taken from1 Table I.

Two prameters were' choc:en for in,'e L;- tion: xcg locaticn and

TVU attachment. The xcg,, location assumied threu value; (10, 25, and

40 percent mac). Both the TVU attached and unattached cases were

examined for each xcg location. Thus, a total of six cases were

investigated:

9



Case 1 - TVU attached, xcg 10% mac

Case 2 - TVU attached, xcg 25;' mac

Case 3 - TVU attached, xcg = 40%, mac

Case 4 - TVU unattached, xcg = 10% mac

Case 5 - TVU unattached, xcg = 25% mac

Case 6 - TVU unattaclKd, xcg = 40% mac

Hence, the effect of the TVU and the xcg location on the RPV character-

istics could be deter-tnined.

qith the input data finalized, the RPV representations were com-

plete. Figure 2 contains the input data cards for Digital Datcom.

The four underlincd statements had to be changed with each case. A

visual interpretation of the RPV with the TVU attached and unattached

can be found in Figs 3 and 4, respectively.

Data Reduction

Since the entire flight regimne specified 16 Mach n umers and 20

angles of attack per Mach number, Digital Datccm, generated 320 sets of

stability derivatives for each case (i.e., a data bank). Unfortunately,

the aircraft equations of motion could accept only one set of stability

derivatives at a time. Thus, a nominal flight condition was needed.

Three techniques were examined in the selection of this flight con-

dition: lift averaging, best endurance, and best range.

The lift averagin- technique assumed straight and level fliqht.

Thus,

W=L

10- V2SCL

I0
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a. Actual RPV

b. Representation

Figure 3. Ccnipariscn of the Actual RPV and Its Diyital
Datomi Representation with the TVU Attached
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a. Actual RPV

b . Representa tion

Figure 4. Cowprison of the Actuafl RPV and Its Digital
Datcow Rteprsentati on wi th the TVU Unattached
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Substituting V2 = M2c2 and solving for CL yields

-2W
CL .......

S~c2M2

Assuming the rnaximum weight (250 Ib) and substituting the appropriate

values gives

5.45 x 10- 3

CL =  M2 (1)

or

M 7.3,9 x 10
-2

M = (2)

CL/
112

From Eq (1), CL can be calculated over the range of reasenable Mach

numbers (Table II). A linear average of lift coefficient was

determined as CL = 0.59 which represented the average amount of lift

required over the entire flight regime. Substituting this value into

Eq (2) produced an associated Mach number of Mach 0.10. Digital Datcom

specifies its flight condition in terms of angle of attack rather than

the lift coefficient. Therefore, the data bank was interpolated (using

Mach 0.10 and CL = 0.59) to produce an associated angle of attack of

= 2 deg.

As alternate methods for selecting a nominal flight condition,

best endurance and best range flight profiles were considered (Ref 7:

Sec III, 33, 37). After considering that the RPV would be flown Dy

sight, it became apparent that neither of these two flight profiles

could be maaintained. Tnerefore, the results of the lift iverajirio

technique (Mach 0.10, 2 deg) were used as the notiinal fligAht

condition.

14



T,,W e HI. Required Lift Coefficiunt for Straight and Lev(-l Fligjht

M C L

0.20 0.14

0.19 0.15

0.18 0.17

0.17 0.19

0.16 0.21

0.15 0.24

0.14 0.28

0.13 0.32

0.12 0.38

0.11 0.45

0.10 0.54

0.09 0.67

0.0OR 0.35

0.0 1 .11

0.06 1 .51

0.05 2.18

Linledl #A'Vuraqe 0.59

15



Finally, the trim condition needed to be verified to insure that

this was an appropriate choice of flight condition. During straight and

level flight, the pitching moment equation becomes

Cm = Cm0 + C1, + CMrue 6e

In a trimmed aircraft, Cm = 0. Using this value and solving for '4etrin

produces

6etri = - o -
Crnie

Substituting the Case 2 values

6et-jm -0.06 , 0.023)(2.0)
6etrim " -0.034

= 0.33 deg

Thus, it was decided that the RPV was in a trimmed flight condition.

Table III contains a complete summary of the stability derivatives at

the nominal flight condition.

Hand Calculations of the Remaininq Terms

Three types of parameters were still needed to complete the model

of the RPV: the remaining stability derivatives (e.g. Cx, ), the control

derivatives (e.g. Cmle), and the physical quantities (e.g. ly). The

complete derivation of these parameters is given in Appendix A. In

addition, these parameters are simiirarized in Table III.

Summary

Table III contains a summary of the mathematical models used in

this study. Five approximations were included in the generation of

16
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these models:

1. Circular cross-sections were uscd for the fuselage.

2. A straight tapered wing was substituted for the cranked wing.

3. One vertical tail of increased area (75% greater) was sub-

stituted for the twin vertical tails.

4. The effects of the booms were incorporated into the fuselage

re prresentati on.

5. Average stability derivatives were computed using the root wing

section and tip wing section cases.
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III A naIy s is- of the(, -P V

Before any reasonable FCS synthesis could be Under .)ken, flight

specifications had to be developed and the unauqgme nted systeil

analyzed. Thus, the purpose of this chapt-r is to present specific

RPV handling qualities, followed by the above vientiocd analysis.

This analysis was divid: d into four parts: ne rivationi of the aircraft

equations of moticn, examiination of the modlal characteristics, genera-

tion of transfer functions and time roemons,,s , and devel o~pmo(it of con-

cl usions.

Handl i tig. Qual i ties

A literature review resulted in only one publication (Ref 14) which

specifically addressed RPV handling qual ities; unfrt Unately, sections

of this publication are incomplete. However, since all publications

revi(e%.od relied heavily upon the criteria set for~h in various Miji iary

Specifications, it was decided that a comparison study oc' the folloviing

four specifications would provide the most appropriate source of handling

qualities:

1.RPV Flying Qalities Desigjn Criteria, AFDL TR-76-l 25 (Ref 14).

2. Flying Qualities of Piloted /\rrt LFCBB(Ref 4).

3. Flying Qualities of Piloted V/STOL Aircraft., INIL-F-3?GO (2Ief 5).

4. Flight Control Systems - esign, Installation, aid Test oif

Piloted Vehicles, MIL-F-9490D (Ref 17).

When present, the specifications fro;m, AFFL-TR*-76-l25 were used

sinca- this rport specificalIly iddressed RPVs . The handlin ug al ities

in the Mil1itary fpr I i _cat i oiS were ( usdo compltien t fhose areas



which AFFDL-TR-76-125 did not cover. Table IV contains the results

of this comparison study. It consists primarily of eigenvalue specifica-

tions which establi sh the alloaable range of values for the roots of

the characteristic equation.

Several restrictions in determining these handling qualities were

imposed from the onset:

-- The general specifications, such as "Each node will have

sufficient damping", are not repeated in Table IV.

-- Since the aircraft in this study was a RPV, all stick force,

pedal force, and control force specifications were omitted. it was

assumed that the servo would generate sufficient power to deflect all

control surfaces.

-- Since this RPV was designated as a research vehicle, it was

assumed that it would be Flown on a "good" day. Therefore, atmospheric

disturbance specifications were deleted.

-- This RPV will be flown by sight; thus, display sprcifications

were omitted.

-- It was assumed that the data link was sufficiently reliable

and capable of transmitting all necessary information.

-- Redundancy and failure rates were not considered.

Equations of Motion

The aircraft equations of otion are a set of nonlinear, coupled

force and moment equations which completely describe the motion of an

aircraft in inertial space. By assuming perturbations about straight

and level flight, thcse equations can be decouplcd into a longi tudinal

set and a lateral -dircctional set. Linearizing these equdLions about

21



Table IV. H31nd1it~ Q(U3 i ties4

Classi fication: Class I TI I wediutm i:)aneuverabi I i ty-

Flight Phase: Category A -rdipid wanieuvering

Level : Level 1 - normal ope1ation

Longitudinal Case:

rsp - 0.35 -,sp < 1.30V sP - See Fig 5

P - -,p .0.04

Residual Oscillation - <10.60 deg
Dynamic Oscillation - it-hort terim dynamic oscillation

prcdncod by a I l soci eova tar
shail not di vergc faster than a
tiime to double of 15 sec.

Lateral-Directional Case:

'-OR ' DR > 0.19
'-'nIDR - nDR > 0.10 rad/sec
Dutch Roil Tine Parameter -> 0. 35 + I~r'R

where mDR'nDR 0.014

TR ~~DR2  /D 20]
TR TR < 1 .4 sec

Spiral Node -For a steady stite disturbance
in :of 20 dog, the time to
double umust he areator than
20 sec.

Roll Effectiveness ->30 deg in 1.5 sec

Roll-Spiral Coupling -None



100

10

L

0 I
Wsid

-f-i-j-ure -. -ho--"'ri.

a arhit a yequ ibri m c ndi ian ) -rii / tedte erti 'at ono- u // o

of~~~~~~~~~~~~ moio to/ be/re.Teeeutoswr ~i~ni f euto

an e crbirr eqilbrf codir Li tor e'm tsed the prtritimi euaions

of motiOn, uIL to be f nrmed.Thes t uis r w aee inqu att in stt qu Liofonr

ofoms the ndiidal ndns erlfunctions ase Rolcharlat i tics

equations is ofon n AppdimB

A Ax + 3u

where the A ma trix de,-terr nes ',he charac Lcri stic ctiin Wt t ho sys tem.

E ach A ma tri x wasq u sed An a :2>1 Men r pra1 (Rnm e FIQA if) ih Wetprndin
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the characteristic equatin, and hence, the im odal characteristics or

each system. Table V summ;arizes the characteristic equations while

Table VI summarizes the modal characteristics.

A comparison of Table VI with Table IV indicated that:

-- - nDR, TR satisfied their respective handling qualities

by a wide i,,,argin.

-- p satisfied its specification, but only by a small nmrgin.

-- (isp did not satisfy its handling quality in cases 4 and 5, and

was at its upper li:iit in the other cases.

-- cDR and TS did not satisfy their respective specifications.

-- Since all the longitudinal roots vere stable, no dynamic

oscillations exceeded a time to double of 15 sec.

-- No roll-spiral coupling existed since e ch ,.iode had a real

root.

-- Frequently, residual oscillations are th, result of nonlinear-

ities in the control system (e.g. dead zone). hence, no simple way

to evaluate these effects existed vithin the scope of this study.

Two handling qualities required more investigation than the above

comparison: dutch roll, time parawme.ter ()R r,rDR) and roll effectiveness.

The dutch roll time parameter handling quality is given in terms of the

phi to beta ratio (I,/ilR). This ratio may be found by determining

the magnitude of tho phi ard beta envelopes at an instant of tim, from

the rudder pulse time responses (Ref 4:673). Utilizing this procedure

and the time responses from Appendix C, the dutch roll time paraeter

specifications were d(etermiird using the average k,/ :'IDR with the

following results:
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Table V. Characteristic Fquations of the flasic RPV

Longitudinal Case:

Case Char-icteri s ticEuation

I (s2 + 6.34s + 39.35)(s 2 + O.040s - 0.16) = 0

2 (s2 + 7.38s + 37.01)(s 2 + 0.042s + 0.15) = 0

3 (s2 + 8.20s + 24.16)(S2 + 0.052s + 0.11) = 0

4 (s2 + 9.64s + 65.72)(s 2 + 0.040s + 0.18) = 0

5 (s2 + 12.73s + 31.49)(s 2 + 0.046s + 0.16) = 0

6 (s . 11.27)(s + 4.68)(s2 + 0.074s + 0.093) 0

Lateral-Directional Case:

Case Characteristic Euation

I (s + ll.EO)(s - 0.042)(s 2 + 1.49s + 19.03) = 0

2 (s + 11.18)(s - 0.042)(s2 + 1.42s + 17.76) = 0

3 (s + 10.28)(s - 0.042)(s2 + 1.34s + 16.50) 0

4 (s + 11.30)(s - 0.044)(s2 + i.23s + 17.85) 0

5 (s + 10.99)(s - 0.043)(s2 + 1.17s + 16.63) = 0

6 (s + 10.71)(s - 0.044)(s2 + 1.08s + 15.41) 0
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Case I 1lm )iding Quality

2 1.63 'DRnDR > 0.48

5 1.87 CDRnDR > 0.78

Comparing these values witn Table VI showed that the dutch roll time

parameter specification was satisfied.

Likewise, the roll effectiveness of the RPV needed to be determined.

With maximum deflection of the ailerons (15 deg), the RPV produced 62

deg and 64 deg of bank in 1.5 sec for cases 2 and 5, respectively (Fig 6).

Hence, the RPV had over twice the required roll effoctiveness.

Although not specifically mentioned in the hardling qualities, one

other characteristic needed attention, the ratio of the oscillatory com-

ponent to the average ccr,ponent of hank angle (:osc/:ave). This ratio

is determined by analyzing the peaks of a Lank ancjle time response due

to an impulse aileron coemard. Since rDR < 0.20, the rollowing empirical

formula could be used:

' osc ;1 +  
- 2'2(

ave (3),ave bl + )3 -2 _

where l 2' and ;)3 correcpondad to the fi rst second, &nd Lhird peaks

(Ref ZI: xxii). Hence, the impulsa cime responses (Fig 7) were used in

Eq (3) :jnd produced

Case Iosc/,Iave

2 -0.0081

5 -0.0108

Thus, the RFV was not very oscillatory.
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Tran-Jor Functions, and Time Responses

r fore transfer functions and time responses could be generated,

the actuator dynamics must be included in the equations of motion.

M~odified Futaba FPS-14 servos were used for the RPVs actuators. Test

of these servos produced two different representations:

T~er:(15.7 224

~(2)(.8-)(14.45)s + (4 )

Equation (4) corresponded to a 5.5 in.-lb. load and 5.0 volt input.

Equation (5) corresponded to a 11.8 in.-lb. load and 10.0 volt input.

Since the RPV would have a peak input of 22 volts, some type of extra-

polation of Eqs (4) and (5) was needed. It was decided that a 50 percent

reduction in break frequency in Eq 5) would adequately compensate for

the larger input and whatever slippage that occurred due to the linkage.

Hence, the following rnpro-sentation was utilized for the RPV actuators:

T~ev S+(7.22)2 __

T 0ev _2 _TF6T(1.224s#77.22) 2

-52.20 (6)
'11--A - -s F_'_

The corre 31poodi n.j di fferential equa Lion is

6 -?.O; l.56 + 52 . 20 cmd(7

The equation-- of motion we._-re augi.onted with Eq (7) rt.-sulting in the

open loop state eqLuations gjiven in Fig 8. From these Equations,, the

te'insfer functions for thu bdisic PPV werc generated (Ref 16). Only Case

2 i-, presented in this, report T,;e VII) since the FCS design will 1,e

based on thisca.
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Table VII. Transfer Functions tKnr th(, &,i ?iB Caco 2

Longitudinal Case:

v = (s2 + 7.33 s + 37.01)(s 2 + 0.042 0 0.1R)(- + ll.SC s '5.?0)

N6 = -2.34 (s + 4.76)(s - 163.08)

Necid" = -19.04 (s + I. 8)(s2 + 0.57 s + 0.28)

Ned = -2219.32 (s 4 0.089)(s + 2.32)

Necnid - -2219.32 s(s + 0.089)(s + 2.82)

N-e 52.20 (S2 + 7.3' s + 37.01)(s2 + 0.042 s + 0.15)cmd

r 'e  = 52.20 s(s2  f 7.38 s + 37.01)(s 2  + 0.042 s + 0.15)
ecmd

Lateral-Directional Case:

v = (s + 11.1')(s - 0.042)(s 2  + 1.42 s + 17.76)(s 2  + f.5 5 ) ,,.± 0) 2

Nc -1.24 (s + 0.26)(s - 36.70)

r = 1.23 (s - 2.27)(s + 2.5'1)(s - 26.33)

.acmd

Nacmd = 43.33 (s2 1.43 s + 15.19)

Nsacm - 43.83 s (s 1.43 s + 15.19)

Na 52.20 (s + 11.18)(s - 0.042)(s 2  + 1.42 s + 17.76( ?  
- fl I ) '.i)

,-ia 52.20 s(s + 11.18)(s 0.042)(s 2  + 1.42 s + 17.7( )( '  i 2

acmd
N acmd 0

d cv d  0.51 (s - 0.072)(s - 11.91)(s + 79.23)

Nr r -40.04 (s + 11.65)(s 2 + 0.24 s + 0.49)
rcmd

N'rcid - 13.67 (s + 4.32)(s - 14.21)
Np  

- 13.67 s(s + 4.32)(s - 14.21)
rciild•.

N rcmd 0

r0

Nr cnd - 52.20 (s + 11.18)(s - 0.042)(s2 + 1.42 s 4- 17.76)(s2 + fl. ', ,'.20)

rcmrd
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V alya pilot's coin,.and Con1,,, sts Of 11n inpu)t 1nd, a short

time later, removal of that input. Wijth this in mind, a 1 sec pulse

was sel ected as the input for all Lime responses. The t!ajni tude of

this pulse was -5 deg for, the elevator, coi~xi..ind and '5 deg for the

aileron and rudder cowands. A set of tiime respcnses , for caseC 2, were

generated (Ref 16) using thcose inputs and are~ containod in Appendix C.

Even though only one input was used, sevral g-neril observations

wee ade.

-- All the time responses had the shapo that owciil d be expec ted

fa.r this input (R~efs 2:47, 129-130 and 12:3606, 668).

The peak vallues were high. This s te co-d rcnthe sl1m: a eIspeed

and 1 ar,)e control surface effoctiveness.

-- The phli-oid n alfreqUen1cy wa s .c hi ftler thanl most

a irc ra ft.

The Ji tch r all moe~a;very ose ill a torv

- Tep ir! on I 'oe had a domii nant eoffcct tha t coulid not he i inored.

C r):I is i or)s

S~ ura oc~ Iusias ar drown ' m he rodal anajlySis andr tim11e

n. sr rmo I'~ iv; ions rcp t e je in o!,~ '(:ti ves for Chapter

IV. In thu 1, jitujdrl(: ece e -Hr~e1~ t~qinncy needed(1 to be

decrca "cJ -inca, o-c 1 It ins of toiI n u"nd freqJuency We

undlesi rable. P, the late--ral dr nl ca s-., tie etffec of dutch11

roll f,,,; illation ro-,d'ud to he, i~d~e nd te spiral vode needed to

be, stabiliced.

[ho teoff c t of the- TV1U on the P PV was i i!iw;al1 All na .u ra I

freqiko!WC- iW( sweSli iqtl y cedured ia, was- tht, short errodiriejnq

en ~ ~ ~ ~ ~ ~ ~ ~ ~~~1 i. .or ae rit:;rainde;entiailly nch mnged.
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XC~ .(-1 1 ()Cl t i OI MOV( d fUr thor d f t ,h J; FullI o,., ngcjharac ter i sti cs

wecre .ce d -sp , ', anid 'rDR. Al so, nsp, wais dtecrea~ed. AllI

o,' her char~acteri stics re;:j i ned uss,-ntil Illy unch anfged.
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I V. bDs imn and Fvii L;i tion

All design processes consist- of the sa'aa, prncedure: syiithes i ZC,

evaluate, and resynthesize. The purpose of this chaehter is to complete

this design proce ,,:s for a FCS to correct the d-e-ficiencies found in

Chapter 111. The? synthesis phase cons i sLed of a 10ongi tUdl rol design

and a late-ral-directional design. The, evaluation haeconsihted of

threte sensitivity studies, a final handling qualities check, tho qgan-

eration of transfer functions and time response';, and a nonlinEar

Si.Mlation.

Lo bitidi nil -Desi*5:1n

Even though the lonj-;*tud 10al casc sa tifd allI i Ls haidl ing qual -

ities, th:a phuqaid sede vs quite n cillatory. Thus, it vies desirable

to reojuce this cscilliatory response :, ca-br cvY incea singi -1 or de-

creas ng ,.np. PcaulSi of the constra int of only rates for acceptaible

Ifc d6a c ks t the choices of fdacsfor aus.,en ua tio ci 'cre pi cira.te

ari n i (, L i ;.,- %,jI 'd c o:,-.,s a t i on.

It i r, d i Iy a ri -J ,l ic e ) t the2 rorot. locus of tne pitch

rar-e r -a ro iy:-o (0i U) Io r-" na it oul no pvi d e

ap')ropri& oe aoTuhaLin Ti a wJ-a due to) C- Zero that %mis 'irry close

to the Ph11 jnis ;-1o Qiat atc~i inte a :1 L q gain for a seiallI

i tease in cafg-, i an- -oa ~ ai i s-f, the larq(: gjain wos not ) ::robler,;

rAthor-, itL wa~s i t,, ) n thei, othder roots tha't Ore d;rt~li A(i fi -

cul ty. A I arrjc ai vailr caI ( tCUA -in'lirLtpro runt' to hrcui c 1 iss

.taible and its hivdling gjual ity , '-coc unsa--tisfied. In af-di lion,

the ac :.uatnor dynw*;is c, i m> vatlv'iIS:'-,'; I

Therefore , tne UCana1, Ii y;'l tt the' additi"'of (,f~ I2L'aval

ho dait- i
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Tile desi re to keep tiU e "lef'a i i" pie and~ to el i Jill to the

effect of the zero at the or' igin dictated the chioice of a pre integrator

as the feedback comn ensotor. The rcot locus (Fig 10) rrv raled that the

zero at thie orij ii w.as e ffe,,ti vely ru. !eved anid that thce shart period

root b ~cema uns table faster than without cconnonsna tion . The short,

period hard] Ing q~ual ities restricted ti unt of feudback gain to less

than 5. 14. A fcaedback gain of 0.059 produced the be-,st compro-.s o etw

1111:imnn1 auc,,;entation and mri[TAIm~ eff,-ct On the othe-r roots. Thus , the

cuintrol law was

ecmjl (S) :Emi (S) 0,0j!q s)(0

An cexai-,i nati on of the phuicjid charcacteris t ics showed-c th t the dampinrg

ra tic i ncreased firoi -,p - 0. 055 to p 0 .2,5 wOhilIe the2 na tural FnIuIe jncy

remained essentially constant. Hence, thne oscillatLory phugoid mode was

reduced subs tantial1ly.

Lateal-DrectonalDesi.2p

The analysis of Chapter III suggested "hat thie dutch roll damping

ratio should be increased anid the spiral m ode shouIld be stabilized. A

s -and .1rd yam,. 'damper, ccons is;Ji g of yaw not feedback to the rudder

(passing through a -.a-shouLt, cJIrCUit) , W3S used to augm,,ent the JuLCII roll

mode. The mai~in difficult'y in, this design was ,electing thie .washoujt pole

location. A 1 argo tin e conistant for this polo inodi cates a anne~l in-

crease in both dampin r ti o and uncoordinating effect (!Pof12C )

A washoult pole location of s = -l ,75 (T 0.57 ne)produced the ls

cormpromi se to the trade-off' de(scribed above. A feedb'ack ,,,in ol (J.032

was, selected b eca cc. it. connes pendled to f he max iwu diu toch no11ll :,
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ratio (s~ee Fig 11) . T In , th con!, , tro 1 I :was

rcnd (s) Ri, (s) + 0.0 , -- h s s 9

An examinationi of the dutch roll chara cteris-tics reveailed tlhat the

dx-npinj ratic increased fro.; -DR -0.17 to D 0.2) hl the natural

frequeilcy increased from 4.21 rad/sec t 0 R~.2rdsc

To sinpli i y the systrolm, the ma shout a i rcuit waIS reiioved from

I., 9) t t thi s control 1 avw, a feedAbac ! ga in o f 0. r'32 produced the

uci du tch roll dI png rati o ( sea, Fig9 12) The dLutch, rollI char -

a,- ci s 0cs reveal d that the ding ratio0 inrcreased to 0.21.

UeIfortunately, this inocrease was ict enough to satisfy thle handling

Cqual ities b~y an adoquite m-,argin. Thus, tho !ashout circuit was rein-

serted into Eq (9).

I he, spiral wode ,mas mm:; t dominant in the lateral ti1r1 e o

Thijs, ei thtor i utenral of rill raLto or yaw, rT fc-ed1ack to thle ailerons

would be the iiost effective- weans of stahl,. 1 i Zing the spi ra mode. For

the integqral of roll rate Feeha ck systc~o (Fig 13), a1eihc gain of

0.0P2 brought the spirail rooIt just in1s ide the loft han!!d rlane riasul ting

in a control law

Pind (S) A- A, 0 1 -2 (S) (0

Implementation of PgI (10) had no effect on any late ral-directionial

characteristic ecptthe opiral1 raoot ,,hich :mved to s = -0-01100'3 4 I~o

s = 0.041.

For the yaw roite fedaksystem (Fig ,!) , a fleedback gain of

0.044 ortb i hd tabio e piral o,,de. The r-ontrol law for this

sIystem, vias
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Figure 11. Root Locus for the Yaw Damper including the Wlashout Circuit

:12

-18 -12 -6 0
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Sacmd (s) = Ain (s) - 0.044 r (s) (11)

Implementation of Eq (11) also had no effect on any lattural-directional

characteristic other than moving the soiral root to s = -0.0001 from

s = 0.041.

Thus, both Eqs (10) and (11) accomplished the desired goal of

stabilizing the spiral mode. Equation (11) was selected as the iore

desirable control law because it did not require any compensation or

any additional instrumentation, such as a roll rate gyro.

Sensitivity Studies and Redesign

Three types of sensitivity studies were used to evaluate the

FCS: a flight condition study, a parameter study, and a physical

quantity study. Each study based its results on a modal analysis.

The flight condition study varied the airspeed throughout the entire

speed regime. The parameter study varied each parameter in the

equations of motion (except UO, q, S, and -) by ? 25 percent. Lastly,

the physical quantity study varied the vertical tail area.

The modal analysis from the flight condition study sho,..ed that

three handling qualities were not satisfied over the entire airspeed

regime. First, the short period natural frequency hdndling quality

became unsatisfied at the higher airspeeds (M > 0.12). Feedback gain

adjustment had no effect on increasing the range of airspeeds tihat

satisfied this handling quality. Thus, a restriction V.dS iinpod

stipulating that this handling quality would not be satisfied at the

higher airspeeds. This restriction wdis accepLable when considering

that the higher airspeeds were clearly in the upper limits of the

RPV's caiabilities. Secondly, this study revealed that the sr.iral
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tmode Sa t)0 Lin s tab I e at l ow ,,i rs I)CLds n I- nro (, 1, i ,j odb eIck q ai n

in Eq ( 11) to 0.09 stabilIi zedi this mode thogot the enti re 3i r,-peed

reg ime . Lastly, this ticudy fou1.:nd that the dutch roll1 damipintg ratio

did not satisfy it,, specification at the hicher ci rspceds (M 0.15).

A feedback gain of 0.03 maximized this dain)pirri ratio thro~ighcUt the air-

speed regime. Unfortunately, as in short period natural FrFequency, the

entire airspeed regive could not be satisfied and the higher airspeeds

restriction was i;i-posed. Again, this was acceptable when con-sidering

the RPV's capabilities.

Hence, the control lavis (',--Is (.3), (9), anid (11)) w-ere refined to

,Secmd (S) Ein (s) + 0 ( S) (12)

:Sacind (s) Ain (S) -00 0 1- (S)(3

0-.030- s
rc 111d (~5 s R in ( s ) e; + J-/5 r (s) (14)

Plots of the pole locations duLo to a varying airspeed, with the above

control laws implementcd, may be found in Fig IS. These plots show

polc locations for airspeeds from Mach 0.05 to rach 0.15 at Mlach 0.01

iritLrvals. The arrow,-s indicate increcsiny airspeed.

The so-cond study entailed tabulating the imodes of tile RPV1 as each

parameter in tile equations of motion (except U0, 1, S, and c) was

varied -,25 percent. Comiparing the extremium (Table V111I) wilth the

handling qualities (Table IV) showed that all handling qualities were

satisfied. Thu,., an error in any one p.arame tcr of less than 25 percent.

will not caus.-e any handlin(ri gu-il ity to he exceeded, Of courcse, no

assurance can he imade, if m than one paranleter changes.
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Table V111. Extremum of the Parametor Scr>i tivi ty Study*

Nominal I Largest Smallest
Value j __Value Value

nfp, rad/sec 0.41 0.46 0.36
(-in)(-Czu)

rp0.25 0.31 0.20

nrad/sec 5.74 6.46 5.14
(-Ii) (-CMU

i'sp 0.58 0.64 0.52
(-in) (-CLL)

nDR, rad/sec 4.60 5.63 3.92
(-Ii) ( 1z)

'DR 0.31 0.40 0.26
1 ( -Cn) (+Cn,)

TR, sec 0.087 0.11 0.066

Ts, sec 22.91 48.86 14.86
((-C( 6a)

iictsi e tieree;Source of the extrem-um is given in parcntheses. The Sig n
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The last study was coimpleted because of the single vertical tail

approximation. Three scale factors (1.50, 1.75, and 2.00) were

examined to determine the effect of the vertical tail area on the system

modes. As expected, the vertical tail area had no effect on the long-

itudinal case. Little effect was found on the lateral-directional case.

plot of pole locations due to varying vtical tail area is shown in

Fig 16. The arrows indicate increasing vertical tail area. Comparing

8

Dutch [ jwd
Aileron Servo Roill

44

Ruddcr
Servo

R21Washout Siapole Sia

-20 -10 -12 -8 -4 0

Figure 16. Polo Movemnent due to Variations in Vertical Tail Area

Fig IF and Table TV r. evealed that all handling qualities were satisfied.

Thu3, a sfi,t an t i AlIv- .r i 1 (icn in vertical tail arm , did n ut caujse any

handling quality to, bocov. insatisfiod.

Hand inq_ l ai tiQ7, Check

A fi nai check of the hand iing qualities was ;~iewlLh the

control laws (Eqs (12) - (14)) . A conq~aan son of the au -!:>ent ed PIV,

the basic RPV, and the hardl irV qua] itie-, (Tabile IX) revkeale d !iLha all

characteristics ;i Fidtheir r:aspccti vt haind i nq qual ities.
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Table IX. Coi;,parisen of the A:;v; nted RPV,
3asic KPV, and the 1a'ndiing Qua lities

Augmented Basic Handling

RPV RPV Qualities

sp 0.58 0.61 0.35 .L '.sp <  1.30

wnsp, rad/sec 5.74 6.08 Fig 5

rp 0.25 0.055 (p 0.04

wnp, rad/sec 0.41 0.39 *

TR, sec 0.087 0.039 TR < 1.40

TS, sec *k 22.91 -24.04 TS > 0 or TS :- -23.85
( (16.66) (-20.00)

€DR 0.31 0.17 rDR > 0.19

wnDR, rad/sec 4.60 4.21 'nDR > 0.40

Dutch Roll Time 1.44 0.71 DR OnDR > 0.35
Parameter, sec

- I

N flo handling quality exists.

Negative siin indicates instability. Time to double (se-c) is given

in parentheses.
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As, be f-oreC, theI dU t.(h rOI 1 t hiT" it ti ( H ci f i i- tmn 1 wa s

d-q'en~dant on the phi to beta ra cio ( 1)he ti~repones of

Appendix C revealed that tiie frapliical ;r:ethcd o-F d-tei-jini nfg :1: Sed

in Chipter I could not be utiiized. Therefore, en anralytical !-thod ,.as

Used. The ;/ ~is the ratio of the miagn itude of thle ,ccr'poront to

the magnitude of the ;component of the dutch roll eig-e vec tor-. Thus

-0007 +10.00171

= 0.13

Since

21D IJR 2. 84

20.00

the dutch roll time pariislter speciticeiticn becameC T~'DR 0 5

which twas satisfied by the aug!mented RPV.

En adcift ion, the roll effcE2Ci voss of the aucuen 2ted RPV 1jecded

to be comrputed. Ii th '>ximum~x do leflction of the a iierions (15 dog) , the

au(;n tAed P\PV ixoduc:A 62 dog ofl hank in 1.5 ,,(c (Fig 171, 1! eco, no

chance in roll t:ffcc ti veness was; experienced due to the F;S.

Lastly, since (i 0.2?,LEq (3) I-mild not be it'iliz d todermn

f osc/'Ove- Ra the r

should Le used (Ref 4: xxi i) Thu, the i pul ,e t i r( spnwe (I 12)

vw us.ed in Eq (15) awfI-)Cr(,de
If - 0

* ave
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t aunrotted RPV was not very o-.cillatory.

Transfer Functicons and Time Responses

Before transfer functions and time responses could be determined,

the closed-loop state equation must be derived. Recall the form of

the open-loop state equiation

x A x-+ B u (16)

where

u K x + IN (17)

Substituting Eq (17) into Eu (16) and simplifying

x = Ax + B(K-x + N1)

= (A + BK)x_ + B IN (18)

Substituting the control laws (Eqs (12) - (14) into EIq (18) provided

ti,e closed.-loop state equation given in Fig l9. Notice that a new state

variable hiad to he added to the 1, teral -directional state eqo ,tLion due

to the ,ashout circuit in the yaw damper. The new st, to was chosen

to be the yaw dareiper feedhack B and delined as

C: 0.030 sOM =S + I1. 75 r (s)

Using the closed-loop stale cquation (Filj 19), trans:fer functions

and i re respoivr-cs of tne auni.,antad P 'V ar da (P ol- 6). Table

X conta ir,s the resuILnt tre;f,-r fanct ion , i i- the Lihe riy055on<es

are in A;Qenrdix C. Cofsparin, tI-,ese t :p ria s ,n i Hiwthe bhric RPV

ti'e r'e n: f r iffind U at h " iso ' t'i .i ad r n 'I(hieve' .
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Tab> X. Tha,; f':, Lunctin for -e ,u,.:a d PP V

Londit,_i nal Case:

(s 2 + 0.21 s + 0.17)(s? + 6.C2 s + 32,S8)(s 2 + 12.16 s + 57.99)

N u = -2.34 (s + 4.76)(s - 163.08)

Ein = -19.04 (s + 114.58)(s 2 + 0.57 s + 0.28)

l i n  -2219.32 (s + O.O5g)(s + 2.82)

N'Elin = -2219.32 s(s + 0.089)(s + 2.82)

; I? -- 52.20 (S2 + 7.38 s + 37.01)(S2 + o.C42 s + 0.15)* E-I n
fle = 52.20 s(s 2  + 7.33 s 37.01)(s 2  + 0.0,12 s + 0.15)ci n

Lateral -Directional Case:

!s 2++ 1I.50)(s + 0.044)!3 4 2.32)(s 2 + 2 .89 s + 21.12)

(s I .56 s + 52.20),2 -  9.11 s + 31.49)

n = -64.78( + 0.21)(s + 2.42)(s - 36.72. s 2  
4 10.95 s + 46.42)

N, in = 64 .09(s + 1.75)(s - 2.27)(s + 2.54)(s - 26.4d)
(s2 -4- 11.55 3 + 52.1,8)

2283.02(s + 2.30)(s 2 + 2.96 s + ?0.2'9)(s 2 + 9.49 s + 29.63)

ri n = 22-8.C2 s(s + 2.30)(s2 + 2.6 s + 20.39)(s"' + 9.49 s + 29.63)

,-a = 52.20(s - 0.011)(s + 2.31)(s + 11.10)(s 2  1 9.32 s + 30.75)
4in (s 2  + 2.63 s + 23.44)

= 52.20 s( - 0.0,1)(s + 2 .31)> ±" 1.0) s 2 + 9.
Ain (s? + 2.63 s - 23.44)

,-Sr
NAi n = 100.27 (s 0.COCI)(s - 27)(s + ,.26.32)
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B1 e X. 'Con Li md)

PF r 15,).27 ,(s - 0.0004)(s ?.L7)(s + 2i( - 25.32)

N 1B}. ( s - I . 0)(s 2 "7)(s + 2. ,5)'(s 26.3 2)s -I . s F2- -.~2

26.45 + 0.019)(s - ./5)(s + 31.74)(s + 79.24)
(s? - 11.63 s + 51 .6)

r - 20)0.00 (s + 1.75)ks 11.65)(32 + 0.24 s 1 0.49)
S (s I I I.5G s + 52.20)

IN = 713.53 (s + 1.75)(s - 10 .47)(s 12.95)(s 2  4.15 s + 22.30)

N = 713.53 s(s + 1.75)(s + 10.47)(s 12.95)(s 2  + 4.15 s -22.30)

N1 . US13.4 (s + 1.75'(s + 11.65)(s2 + 0.24 s + 0.49)Ri n

, -- .24 s(s + 1.75-)(s + 11.66)(s 2  + 0.24 s - 0.49)

r = . 2o (s i- 0O . C)(s 1 .,.)(s ± 1l.5)(s2  + 1.37 s + 16.24)
n (s' + 11.i9 s + 53.26)

S s(s .0,'5)(s + 1.75)(s ± 71.52)(c2 + 1.37 s + 16.24)
kin + 11.1) s 1- 53.26)

B -02.70 (s - O.003)(s + 11.55)(s2 + 0.24 s F 0.49)
in s + 11.56 s + 52.20)
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NonIi re-ar ' i i'IJ0ai jon-

The 1 as t forms of evo ' ui L _0,n a c6; ;-1 cte no n Iinear s ,;il ation

which exain icd the effec t of nu g on ti-, P05. ini tiallIy, an

analIog siwul ati on was cc., p Ietcd ith the ret-"I- bcwoig of Iow qu aIi ty.

Therefore , i dig i ta I s i.,u Iat ion w.as a cco:'D!1 i shecd ,js in g the numericalI

integration subroutinLe ODE (Ref 13) (see Fiq 20). The equations of

motion , i n thei r imost basic form ( Ecs (35) and ( 33) ), were used as was

the scme control inputs. Recall the nonl 1near states (except U) havo

the same value as the pirturbation states sirce theC ejUil ibuni nCon-

dit.ons v-ere chosen zero. Appendix C contains the results of this

rnil ine_-ar siwulation. A comparison with the other tiibce responses

indicated that the coupling e!7fe(ct between modcs was quite small.

Thus, the, j'(coiipljnDo ass~wipti on produced minimal error and ,,as accept-

abl e.

In the forix.l ati on of the s mlainal gun ' Jhw (Fig 20) , ore

cri tical selection ws made, the increwent time. Shannon's sampi ing

the.worem d:ictat-ed that ,.t f 0.68 sec for complete reproduction of the

response (Ref 9: Sc 111, 21). In practice, a much faster increment

tiime the n ,,t n-0.6R sac is desirable. Thus, -'t .02 sec was chosen

for the f-irst 2.0 sec ofl the simll"11ation and 1At 0.10 sec foi- the

remainder cf the simulation.
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V. A Pr-ct c- I pl ication

This study would not be complete without addressing an apel ication

of this RPV. It was hoped that by devonstrating its usefulfl3ss, notiva-

tion for continued research in this area would be geercated. Th, chosen

application was terred model matching, i.e., making the RPV have similar

dynamic characteristics as another aircraft through the design of an

expanded FCS. The aircraft chosen for duplication was the F-15. The

first step of this procedure was to determine the F-15's dynamic char-

acteristics. Then, three de,ign procedures were investigated for

accomplishing this duplication: Guillemin-Truxal design, Entire

Eigenstructure Assignment, and an extension of Observer theory. Only

the longitudinal case .,as examined since the lateral-directional case

would be a repetition of the same theory.

Analysis of the F-15

The mathematical model for the F-15 was obtained from Ref 19 and is

contained in Table XI. As with the RPV, the equatiHns of motion were

augmened with the actuator dynai ,ics. The following .,-,pre entation

was utilized for the F-15 servo (Ref 19):

200
TFserv-9 0s--+-20

The corresponding differentiil equation was

e - -20 1fP + 20 ecrrd (19)

lhe equations of m otion were augriinted with Eg (19) resultinq in the

longiLudinal state equation given in Fiq 21. Trnrdcr functions
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lable Xi. F-15 tlatreio.tical Model

U0  6 ft/sec

q-388 lb/ft2

S 608 ft2

C=16 ft

ly 155746 slujg-ft 2

Cxu -. 04

Cxq 0

Czu - 0.30

CL. =1.01

C1- = 3.78

CLq 3.12

Crm. -1.20

Ciq -3.70

-Cnrre -0.69

All s tabilIi ty and control derivatives, have th, unli (s of
pe r rad .
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(Table XII) and time responses (Figs 25 - 29) were generated frem this

state equation (Ref 16). Also, the longitudinal charactristics were

determined as

rsp = 0.46

insp = 2.90 rad/sec

rp =0.10

ton p 0.063 rad/sec

Guillemin-Truxal Design

The Guillemin-Truxal design procedure is basically a pole/zero

placement technique. From a desired closed-loop transfer function,

the appropriate cascade or feedback compensator is mathematically

calculated (Ref 6:408). This procedure guarantees duplication of the

desired closed-loop transfer function for single input-siu'gle output

systems. However, in this application, the RPV was a single input

(,secd)-multiple output ('u, , 3, q, e) system; therefore, the

validity of this technique was questionable. However, it was decided

that the d.]Plication of one state might prove valuable. Of course,

the duplication of one state would alter the other three states which

might provide a closer match to all of the F-15 states.

For a cascade compensator Gc(s), the clos:ed-loop unity fredback

transfer function is

U'>) G-cs) O(s)
D(s) - -

Solving for Gc(s)

N(s)
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Applyingj this equation to the IRPV atid F-lb state(, (Ref IC) rclted ill

four cascade compoflsOtors ( Fable XIII) , all (1i whlich vevery corspli -

ca ted . From a hardwiare poinut of view,., these v.aona oe -m Id be

extremely difficult to impi eacvnt, if not Tmosb h. This, cas(a d e

curcpensators were rojec ted.

This sam,-, pin cedure w.,as repeated for feedback coiryensa tors. The

closed-icop transfer function is

N S) G (s)

SolVing fLr GC(s)

Gs)-D(s)G(s) - IN~s)

This equation resul ted in four feedbac-k ccimpensa. ::crs (ahbl e XIV)wih

were sirc;pl er than the cascade cumipena Loins, but -,ti 11 eprlct real to

impl ement . Since both coi, pen sa tors were rot f-aJsLl e, toe Gn ill dcin r-

Truxal des ign procedure was disissed as inappropriate for th is rp

catLion.

Entire FiesrcueAssi~inrncrnt

Entire Ei gtnv, ructUre Ass i qomut is a eihrb

the eng ineer rmay a,-s"n Ligr oth the e i qonval1,j(,s and n a 1ct toa

sys remn. This ,eCIni~j!Je is base-d on full state feoehrrk, ir.i v n>

(las ired ciqienva 1 aes anid eiruv arto cail cia to 'hL' ti t. a

ma itrix (Pef 10). With cnl,/ (,ne, ip: t as; in thi- oiyl ira iian, ft

selection of the closecd-!lop ei~vlescorpilotely dot-Kr! im- ti

e i genvec tors . Bec,-a use o thi, the (,f fe(- tivr V rc "s o 1 th tecao- ,! i

wa-; als.o (junstiornable,.
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Prn-l, On RP a Knd the F- 15 are different o rde,-r sys te!-,es due to

W a u'atr rq'r. Y ions of each. Thus, the use oF this technique

wil he d i fic, t. To siv pli fy the process, it vias decided to employ

I duI",-;rludol tor thf? RPV. The cri teria used for -the

S 1 c._ on _if t.he r urde .r i;odel Iwas time response to a pul se input.

I he ot;)Ut eF tiW terse !!odc-Is li sted isel ow was plotted against the

RVsst :_cnd-jtY~ rodi-A (Fig 22) (Eq (6)).

m1Ode 1 Reduced-O rder cyrese2ntation

7.53

s + 7.53

2 6

3 5

4 Second-Order Model

~ ~Model 2 /0

2 / 'Model 3

0oa 0.4c 0.-1. 1 .6 .0

F ijurn 22. ;keduond 0re Ser vo A p rn i i i ion for t he IV

n d I 11 h ,; t he Pr o j e. rt: n,-! tJ; ,-is the sfsctond -ordir iso-Ci,

Ti. i othr !odol WS of YOth In+ d 1ve ronv, wre (Syvin&s



becaut seC they -,:)!I d ha !, v r'; Ii y '_o _c d_ , zr a r) i o u

second-order model .It ,.as deci d-*d t~nine 2 pr o vi dd the :.'ta-

curate appr1-ox i isatier to the se n-re :diso it ..as used t broughonut

the rest of this application.

TIhe F-i cisenvalues werre ,,,signced os the ci -e';-1 oop cigenval ues

e,,f the RPV (Re' 3). As 2,xpectcd, the aSSOCiate(-d OiCnCWto'rs did rot

correspond to the F-15 eigenvactors (see Table 1XV). Th-us th(e Entire

[ig enstructure Assign!-ment design technique wsalso disiissed as inap-

propriate for this appl ication.

Fvte:nsia)n -f Obs:rver, Thcory

Wi thi k-oth the G-ui 11 o~iruxal and the Entire Fifeostt-acture Assign-

ment Lochni gaas yielding una,.cceptable rasul ts , :-,otin mre bAsic to

control sys tem d--sign lvas needed.,d Pobserver thieory gave the necessary

ins ight. . The( generalized bloc,'<ara (F-igj 23) For this tcngeis

in terws of an actual imodel , a has ire' :!del. and -ev-ra I;-.)ack

mnatrices (L , K, and K' ). In on ohserwer , K and K.' 'coo)l d be idanti ty

~a trices and time error feedback .;,juld go to the o; ir-- -cvidel ins Lead

of the acted;-. rodpal, i.e., the desired noda I-,ld bcLe O track

'he ac~tual moe.in iiodel matcfhinq the ioal1 is for,. 1-, , ccM 11 m ) o

to track 1th' de - i rod nudel ; ecthe error tec.-eack Jcos to the, a: tool

w.o delI . K an tid K ' v; ,re a Jd,,d to sho s y st cr t o i nc rea se f1 e x'i 1)4 i1', . I n

thi s a 1- I i ca tien , the IPI vaui 1 be, the uc tua In-odA and I Il Kcld

he the 5. ; irod model.

The clo-'ed-ienp sgstae -';epressed in tonri; v eer e; af

s tafte va r Ia! ics. It cv f OwvI th It the bo t chw 110 ;tr ''re the r

five eir' modeol (-1-15) acevan ]!Jc-s (x' ) 1!1d !I,. ti~c. error at



T,,!I, I XV. Cc:;, ri ,nn f rh' F- 15 Ei ' -vC tr and the
CioseJ-Lop [IV I ,:r suctn, s i, L!L r , i:i j_ n rc A'sivent

Short Period Xode:

RPV F-15

[0.030 233.04 0.0056 176.65
0.32 , 303.03 0.33 267.87

10.34 e 242.73 0.34 L 242.73

1 .00 L 0 1.00 L 0

LO.2U 1, 15U.30 0

Piugoi d Mode:

RPV F-15

46. 36  z 46.11 12.08 L 0.96

10.57 :, 226.24 0.15 183.17

16.43 ', 264.10 15.81 264.11
1.00 L 0 1.00 / 0

7.14 £ 46.82] 0
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Desired Model

Figure 23. Generalized Ploc!. Diagram for Model Matching

variables j, where = -(0

Thus, the closed-loop state equation is

[A BLC(A -PLKC) (A Bi L -F

Lix A'L]

+ [ I~i _B' u (21)

The servo representillons have been included in A ind A'. Sn

for si ngle input systems , B and B' will always he 'Pro vectors oxr-opt

for the last elewont. Henice, K' -Aded no add itionral1 f li xii hi ty to the

and; ternaand-wa ',Us1ed to hf2 the idlent i ty ima-trix . For this app1 icatienn
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C and C' v.ore also identity arcs Firnnlly, defining R [- K pro-

vited insight irto choosing the fe,_dback matrices. Thus, Eq (21)

became

-A BR (A -BR)-(A' B)

+~~~ [BL-1B1

+ K~c~DI] u(22)

This formi, of the State equation yields insiqht? into the proper

choice of weighting matriccs (R, L, and Gc). The solution of Eq (26)

i b i n terms, of the ei rcti ns (vi exi1t) . Thus, R should be chosen

such that the ecir ii ecrs c~f tht, cigenfunctions of (A - BR) die out

rapidly. ge thoughi all e fevluse (A - BP) need to be negative,

this does tiec indicate tnra-t all en,*envalues need to be far in the left

hd, pane. Only thn oncs 2ssocated with the dominant eigenicunctions

necd have large negative valutes. [(A - GR) - (A' - DL)] is a coupling

ma t r i x. ideally, the ihost t-hoice for this watrix vould be a zero

a t r ix. Unfortunately, U canot have enwoagh vaK al es to accomiplish

th-1s . Thr~ra 1ore, L should be chosen to ;ii nii;ji a thie coupling effect.

Finally, it woul lx desirahile if an input did not directly affect

the- error. LmGc shu, b o crosen to produce a zcero vector for

The techniquos fcr chaos irg R and Gc arc-, a ol~i p

Ho,ever r , mnim izet ion u,1 Eho coupling effect repre sents; a groc ,to r

challenge. To s irpl ify the niota tion of this dec ivention, dIefine

68



A - BR

(A - BR) - (A' - BL)

Thus, Eq (22) becomes

] BGc - BLTKz U+ KHu (23)

Examining the zero input response to Eq (23) prcduced valuable insight

into the importance of £. Tne zero input response is

10 it T 2)

(0)4

where

>.i ith eigenvalue of 1]
0 A

v i  i th eigenvector of

0 A

ri = th reciprocal basis vector of

e'ecaus2 of the upper block F(,., ofr,--i , the syste.i ei nvalues are

simply the eigeovaiues of -, and A'. Also, vA niis a lo x 10 matrix

whose upper right 5 x 5 bliock (defined as reeds to be ri nir.iz,1' for

all i.

For ihe eigenvalucs c:rrew pondir i to t, the ei e/L:ctors amd

reciprocdl basis vnc'tors are
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vi ri - (25)

L J ViiTf[xi I A'I-l

where

. =ith eigenvector of a

wi ith reciprocal basis vector of

For the eigenvalues corresponding to A', the eigenvectors and

reciprocal basis vectors are

_i  i =~iij o (26)

:nere

i' = ith eigenvector of A'

wi' = ith reciprocal basis vector of A'

Now that the eirenvectors and reciprocal basis vectors have been

determined, , needs to be examinec. Recall that L yields control over

only the fiFth row of ;-. Therefore, the equations were simplified to

isolato these terms. For the eigenvalues corresponding to

Vr iT [i4 T >,iiT -iwI A']

or

5 Hd .;[ai.I - A' (2/)

Defining A']- and expanding Eq (27) for the r-C C(.wU!ponent

of -

10



51
frc k'1 ir wik Lj- jj ]

4 [5 15
k- I ir wik j I kj 'jcI ± iw3C; 1 2 j

or, in matrix formLiL

Yrc Lcjrwi5!lc . . irqi5'5cl

+ kiwiI"(28)
k 1i rw 'k k~jcl

For the eigenvalues correspondiing to A'

or

-y = Vi I - ]1r iw (29)

Defining [j'I - and expanding Eq (29) for the r-c component

of '(

5 5
'Yrc k l / 't.i Trjik] ik' Wjc'

5 45
Z:1 L , j '1 rj;ikJ '-ik1' Wic' + ki i k 'vdic'

or, in matrix form

Lr V r5i ''iic r 5:i5'i c]

L 2)

5 4
+ L j rjl kWc(30)

k-I j",rj~kl ',ikw1 c



Aucj',entine Eq (28) with Eq (30)

K~r~is~1cir\ i5 Sc ~j511

+ r~h1'rjic r5 ikwic,-iL2cJ4 4+ (311
5 4

kIjL-1 Yrj k i k%" icj

C - - D (32)

where

1 c 5

1 i 5

I r 5

[hus,Eq (32) is a matrix equation consisting of 2!i0 equ.tions in terms

of 5 variables.

Minimization of Eq (32) accom2lishes the goIL of vinimizinq the

coupling effect. A cost function of one half tihe rluared error was

chosen for this minimization. Thus

- 1(C~ 0 T (C + D

J( 1:25) =  +  (C + D)

Setting the first derivative of J(.:5) equal to zero and cclvi !g for 5

produced -5 - [C TC -1  CT D  (33)

Thus, choosing the fifth row of . (hence, L) in accordance with EH (33)

,ill minimize the coupling effect.
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For the model matcning application, 22 sets of einenfunctions were

examined in choosing R (Ref 3) with the best one being

R = [162.1 25.54 -49.12 -3.17 7.26]

This R assigned the eicgenvalues of a to " = -2, x2 = -4, A3 = -15,

A4 
= -17, and 5 = -19 with the eigenfunction corresponding to X3 = -15

being dominant over the other ones by one order of magnitude. Equation

(33) was employed resulting in

f-5T = [7.89 -13.24 13.98 -4.62 -15.38]

which in turn produced

L = [163.41 23.33 -46.79 -3.94 2.36]

and

0.99 0 0 0 0

0 1.09 0 0 0

K 0 0 1.05 0 0

0 0 0 0.80 0

0 0 0 0 3.07

In this application, Gc was a scalar and determiined to he 3.33. The

above matrices were substituted into Eq (22) to produce the system

state equation given in F g 24. Time responses wero1-, U')ruc with

both th,- PPV and the F-15 responses on the same plot (F i (is 25 ;1).

These curves' shoed re sunAs le agretn ent, bt. n,,t to th, de, i

accuracy. lc.vr, with refineciect, this methOd would produce act

dupil i cation.

73



C-C)

Zw

CD mD CD co cn - C) C) t.0 C)

- - c\J

Cqc C') - o C 1

C CD CD C'J Cr) C -m_ DD

I 'U\ -C\

CC:

CD ~ ~ G CD CU C D oC
CD CD CD CD mC CD CD CD (D- CD)

CDD

CD. 00 c'n CD q3o~ C) C

I3 1

C)) 4-
z-j )CD 'C? ('(D ( 'U C) tD C- C) CL

L) C 3 * 0
CD .- c C CD (D- - CD CD~

Cj CDO I',: - C C) C :) CD C)

C) CD C C C CD CD ci CD CD

_n .o C)) C
C) C D D C) C C CD CD -

C Cl

CO C) C

C) C C) n tn C) ) C) C) C 74



10

I0 R PV , //

"--- 0
4-

F-15

-10-

0 20 40 60 80 100

Time (sec)

Figure 25. Comparison of the F-15 and the Model Matching
RPV Velocity due to a 1 sec Pulse Elevator Command of -5 deg

10

F-15 -

RPV

10

0 20 40 60 80 1 C,"

Time (sec)

Fiqllr 26. C1.I;,i' T, of the F-15 a I t "'e, el Ma.', chinl

PPV Awr i l, i f HF itV I( L (!'1 to I ( d9 ~ I 'v a ~ ' V eq

7/5



20

I F-15

-20 RPV

0 20 40 60 30 100

Time (sec)

F iqure 27. Cew.a ri son of the F -15 ndthe >o 1MI.Th di ng

RPV H tcb Anm) e due to a 1 sec Pul se El eva too Coi; ;on'J of -S deg

20

F-15

U

RPV

-20-

0 00 40 2

Time (Sec)

Fi]r ?. iIi~ri ) f trir F-1U : I GIihiq

RPV Fi itee- i~ I? --,! c Pul Fo I C:.'( Id f -5 !"

76



SRPV
-4

0 20 40 60 80 100

Tim.- (s(,,)

F igure 29. Cvo.,ari son of L .e F- 15 rTh oY Mut in
RPVJ El evat. r D!eti ecti en Angle due to i sc Ful se Li evator Cui. -:jnd of -53 dog

71



V I. Cone 1udi nq :'ek

Cooc 1 us ior-s

An analysi s of the baisic RPV provided the foil mI ngw- concl usi ons:

1. Hiandi iny qualities were unsatisfied in the phutjcid, dutch

roll, and spiral mrodes.

2. The thrust vcctering unit had minimial effect on the longi-

tudinal characteristics and r~o effect on the lateral-directional

characteri stics.

3. The short period damping ratio and natural ic, ucncy, phugoid

damping ratio, and dutch roll nAural freque- ncy var'ie d~ (reotly with

the xcg location. All other characteristics r-:a-"ned essentially

constant.

The following conclusions are 'ased on the f'ii,_ht control system

design:

1.Inieg-ial of pitch rate feedback to the elevator reduced

phugoid oscillation.

2. Yaw- rate fcedbjack to the rud6der incruanied Lhe2 dAuth roll

dai;npi ng ra Li o.

3. .Yaw ra b feed-,(back to th-Je a ilIerons s-iah i 11i 7(,( toie sp i ral node .

The rodel miatch ing arpI i c: fi on iimpl i ed the oel 1 o-ii.w nc 01 us inns:

1.The GOu ci e i -Truxa 1 do-e io ttg !Lni quo p re orni eem na tors

that 'moG 1d duplicate onl1y orie state at a tivie.,l;a tllhe oceorns a tors

were imprac t ical to inloet

2. The Entire kior-JctaeA p~v,,ent techriyoi wa- not well

Ui tedq to i -irtsyts

18



..... xt~u to 0 > .'' ' . .c.... ,)Ii'-.ed the

desired dupl ication; howcver ,i jrt.. OF accuracy.

Record -ndations

BCAsed on observations made trresjvnt thi study, the follcvi ng

recommiendations are posed:

Digital Datcom is a very jeneralized al orithn so that many

different aircraft configurations can utilize it for the ceneration

of stability derivatives. However, for advanced research on this RPV,

a [T;re comprehersive algorithm (such as FLEXSTA) piht .rove bene-

ficial for the model construction.

2. The cost function riinni-ized in the Extension of Observer

Theory was one half the squared error. Alternate cost functions

nrg. t o;revi~le bet .er effectiveness in minimizinu the coupling in the

.r r)" equation.

3. The Extension of Observer Theory assumie:d full s late feedback.

Partial state feedback is a more realistic assui--mtion which could be

ifiposed on this design technique.
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Appendix A

Hand Calculations

Several stability derivatives and all the control derivatives were

not computed by Digital Datcom. In addition, the moments of inertia

needed to be generated. Hence, the purpose of this appendix is to

derive the above mentioned terms. All notation utilized in this

appendix is defined in the references cited.

Stability Derivatives

Seven stability derivatives remained undetermined: Cxu, Cx., CxO,
Ot

CXq, Czu, Cmu, and Cyr. The following relationships were utilized in

their generation (Ref 2:19,112):

1. Cxu = -2CD - U0 aCpu
u au

The U0 'CD term is the compressibility effects and can be ignored.

Thus, for the TVU attached cases

Cxu = -2CD

= -2(0.05)

= -0.10

and, for the TVU unattached cases

Cxu = -2(0.04)

= -0.08

2. Cx. 0

3. Cx, = CL-
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Averaging the data produced

2_=a = 0.37 (TVU attached)
aci

_C = 0.35 (TVU unattached)
act

Thus, for the TVU attached cases

Cx = 0.59 - 0.37

= 0.22

and, for the TVU unattached cases

Cx, = 0.59 - 0.35

= 0.24

4. Cxq = 0

5. Czu = -2CL - UO -CL au

DCL
The UO a term also represents compressibility effects and was ignored.

Thus

Czu = -2CL

= -2 (0.59)

:-1.18

6. Cmu = 0

7. Cyr = 0

Control Derivatives

Control derivatives are nondimensional derivatives of force and

moment coefficients with respect to the control surfaces. In all, nine
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control derivatives were needed for the equations of motion: Cx6e,

Cz6e, C'6e, Cya, CZa , Cn6a, Cy6 r, Ck6 r , and Cn6r. The following

empirical relationships were used to compute these derivatives

(Ref 15: Chapters 10, 11, and 12):

1. CxOe = 0

2. Cz6e = -CL6f SH

= -(3.20)(6.38)

30.98

= -0.66

3. Cmde -CLue h

= -(0.66)(11.72 - xcg)

2.271

Hence

xg, % mac Cm6e

10 -2.04

25 -1.94

40 -1.84

4. Cy6a = 0

5. Ck6 o5 6aC . = ladi Cza

= (0.35)(0.38)

0.13

6. Cn6a = KCL Ck6a

= (-0.20)(0.59)(0.13)

= -0.015
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7 . yL (' 6) K'Kb SvYr =CL6v -)C

= (5.42)(1.14)(-0.65)(1.00)(1.00)(6.97)

30.98

= 0.90

Zv cos Q -v sin x
8. C6 r  Cy6r b

0.90 1.01 sin 0 - (11.07 - xcg) sin 0
13.71

0.067

kv cos a + Zv sin a
9. Cn6r - Cy6r b

0.90 [(1.07 - xcg) cos 0 + 1.01 sin 0]

Hence

xcg, % mac Cn~r

10 -0.42

25 -0.40

40 -0.38

Moments of Inertia

The method utilized in this computation consisted of separating

the RPV into major components and calculating their moments of inertia.

Two transformations and summation determined the overall moments of

inertia (Ref 8: Chapter 8). For accuracy purposes, this derivation

was completed in the units lb-ir 2 Only the final results was

converted to slug-ft2 .

Initially, a weight and balance study of the RPV's major components

had to be completed, the results of which are in Table XVI. Thus,

the Datcom method yields
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Table XVI. Weight and Center of Gravity
Locations of the Major RPV Components

W, lb. x, in. y, in. z, in.

Body under wing 43.65 60.74 0 -6.65

Boom, left 8.70 90.00 30.00 7.00

Boom, right 8.70 90.00 -30.00 7.00

Engine 14.35 82.00 0 5.00

Fuel 30.00 39.00 0 2.00

Horizontal Tail 4.00 114.45 0 25.25

Instruments 10.00 25.50 0 3.00

Lead: Case 1 55.83 18.00 0 3.14

Case 2 45.99 18.00 0 3.04

Case 3 25.20 18.00 0 2.58

Case 4 32.28 18.00 0 3.67

Case 5 24.18 18.00 0 3.69

Case 6 7.07 18.00 0 3.91

Nose 5.00 16.00 0 0

TVU 20.00 106.30 0 5.00

Vertical Tail, left 5.80 138.00 30.00 17.85

Vertical Tail, right 5.80 138.00 -30.00 17.85

Wing 34.00 64.25 0 9.06
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1. Wing

I = ---2- [-Ca 3 + Cb3 + Cc2 Cb + Cc Cb2 + Cc3]

12= 1i-2--1 [-(5.03)3 + (29.03)3 + (30.25)2(29.03)

+ (30.25)(29.03)2 
+ (30.25)3]

= 10871.69 lb-in.2

Thus 
Oy = KOI - (WxX)j2]

= 0.70 10871.69 - 3 j

= 1492.17 lb-in.2

Wwbw 2 K] FCr + 3Ct]lx- 24 L--Cr]+t

= (34.00)(164.5)2 (0.86)- 30.25 + 3(24)1

= 24 [30.2 30.25j

= 62138.60 lb-in.
2

lox = IOy + IOx

= 1492.17 + 62138.60

= 63630.77 lb-in.2

2. Horizontal Tail

I =  [-Ca 3 + b3 + Cc2 Cb + Cc Cb2 + Cc3]

S026 [4(15.5)3]

= 320.25 lb-in.
2

Thus F

= 0.77 320.25 -(31)2]

= 61.68 lb-in.
2
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=_jb1{
2 K4 F Cr + 3ctl

IOx 24 Cr-+ t

= (4)(60)2(0.92) F)15.5+3(15.51
24 L 5 + 15.5 j

= 1104.4 lb-in.
2

lOz = lox + IOy

= 1104.00 + 61.68

= 1165.68 lb-in.
2

3. Vertical Tail

lox =Wv bvj2 K5 [I + 2 Cr-r- Ct,
- 18 - (Crv +-Ctv) 21

-8)(26)2(.22) [ + 2 25.85)(15.6)21

18 (25.85 + 15.6)2

= 390.49 lb-in. 2

I = 12 (-Ca3 + 3 +Cc 2 Cb + Cc Cb2 + Cc3 )
0280 (19.606)3 + (25.850) 3 + (35.206)2  5.850)~ ~ (2585)3 35.06 2550

= 2541.91 lb-in.2

Thus

IOz = KO I -IvwvX)]: Wv

= 0.771 2541.91 - ( 3 2

- 245.55 lb-in.2

IOy = Iox + IOz

= 390.49 + 245.55

= 636.04 lb-in.2

4. Body

Initially, the body was separated into four different components which

needed to be consolidated. This was done with the following results:
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Cases Cases
1-3 4-6

Weight, Ib 86.05 66.05

xcg, in. 74.65 65.06

ycg, in. 0 0

zcg, ill. -0.79 -2.54

T h u s, fo r cases 1-3 W s K

I OY L2kB d

=(86.05)(7126.11)(0.88) F3(27.4) 13I52
37.68 1.4

= 74919.94 lb-in.2

l0x =Wf K3 [SS] 2

(86.05)( 1.04) [7126.111] 2

4 -LI7CFMTJ

-6316.29 lb-in. 2

I0Z =1 ly

= 74919.94 lb-in.2

For cases 4-6

JOY0 (G6 05''4160.45)(0-42) F(14.47)+8 1L_3 7.68 PZNUITY + 4.'47J

= 17964.73 lb-in.2

lox -(66.05)(0.78 
4160.45 1 2

4__ 0.8 if (81)]

-3442.85 lb-in.2

Ioz = by

-17964.73 lb-in.2
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5. Engine

lOy = 0.061 [3 Wpde 2 + Weze 2 + (Wp - We)zp 2 ]

= 0.061 [ (14.35)(26)2 + (14.35)(8)2]

= 499.82 lb-in. 2

lOx = 0.083 Wpde
2

= 0.083 (14.35)(26)2

= 805.15 lb-in.
2

lOz = lOy

= 499.82 lb-in.
2

6. Fuel

Assuming a 24 x 12 x 4 in. tank
Wf

JOy = K- (zx2 + Zz2 )

30
30 (122 + 42)

= 400 lb-in.
2

Wf

lOx = 12 (Zy2 + 9z2)

30 (242 4- 122)

= 1800 lb-in.
2

7. Instruments

Assuming a 3 x 4 x 6 in. pack

!Oy = W ()x2 + kz2 )

10

bOy ~ 12 [(3)2 + (6)2]

= 37.50 lb-in.
2
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lOx =  [y2 + +z
2 ]

102 )

-2 [(4)2 + (6)2]

= 43.33 lb-in.
2

10z = i [ x2 + ky2]

S10- [(3)2 + (4)2]

= 20.83 lb-in. 2

8. Lead

Assuming a cubic shape, the volume of lead needed and the length of a

side was

Case W, lb. Vol, in.3  t, in.

1 55.83 136.17 5.14

2 45.99 112.17 4.82

3 25.20 61.46 3.95

4 32.28 78.73 4.28

5 24.18 58.98 3.89

6 7.07 17.24 2.58

Since a cubic shape was assumed, all the moments of inertia will be

the same.

10 - WL Z2
6

Hence

Case 10, lb-in. 2

1 245.83
2 178.08
3 65.53
4 98.55
5 60.98
6 7.84
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EU-fore the suP11"tion of individual moments oF inertia could be

done, each mo!:ent of inertia needed to be transformed into the RPV's

axis system. The first transformation was to a set of parallel axes

located at the RPV's nose. Hence

~iI~2 + z2) + lox~]

IY= 7[Wj(x 2 + z2) + Joy]

I, = ZW(x2 + y2) + lOz]

IxZ = 1[Wxz + Ioxz]

The second transformation was to the aircraft's center of gravity via

IOXICg Ix _ W ( y 2 + z 2)

IOyjcg = IY- W (x2 +z2

Ioz~cg =Iz - W (-x2 + -,2)

'oxzlcg = Xz W xz

Substituting the appropriate values from Tables XVI and XVII into the

above two transformations provided the RPV's moments of inertia

utilized in this study (Table XVIII).
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Table XVII. Moments of Inertia of the
RPV's Major Components

lox, lb in.2  IOy, lb in.2  lOz, lb in.2  lOxz, lb in.2

Engine 805.15 499.82 499.82 0

Fuel 400.00 1480.00 1800.00 0

Horizontal Tail 1104.00 61.68 1165.68 0

Instruments 43.33 37.50 20.83 0

Vertical Tail, left 390.49 636.04 245.55 0

Vertical Tail, right 390.49 636.04 245.55 0

Wing 62138.60 1492.17 63630.77 0

Body: Case 1-3 6316.29 74919.40 74919.40 0

Case 4-6 3442.85 17964.73 17964.73 0

Lead: Case 1 245.83 245.83 245.83 0

Case 2 178.08 178.08 178.08 0

Case 3 65.53 65.53 65.53 0

Case 4 98.55 98.55 98.55 0

Case 5 60.98 60.98 60.98 0

Case 6 7.84 7.84 7.84 0
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Appendix B

Aircraft Equations of Motion

The aircraft equations of motion are a set of nonlinear, coupled

force and moment equations defined in inertial space. The purpose

of this appendix is to derive these equations in their complete form

and to simplify them into a more useful form.

Definitions

Initially, two fundamental definitions needed to be made, inertial

velocity and inertial angular velocity. These two quantities were

defined in body fixed coordinates as

V U Xb + V Yb + W b (34)

bi P b + Q b R Zb

Force Equations

The inertial acceleration was found by differentiating Eq (34).

A id (V)

bd +bi V

& (V) +  x

- (U + QW - RV) Xb + (V + RU - PW) Yb + (W + PV - QU) Zb

Applying Newton's second law in component form yielded the three force

equations.

EFx = m (U + QW - RV)

;':Fy m (V + RU - PW) (35)

zFz = m (W + PV - QU)
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IJ m11 I I Uion

The vector moment equation was given by (Ref 11:286, 418).

bM d
b- (H) + ,~bi x H (36)

whereFi 0 x

!i[ bbb Ix 0~ -I (37)

E_ =CPIx + (-R-PQ)Ixz + QR(Iz - ly)lib

+ [PR(Ix - IZ) + (p2-R2)Ixz + Q IY~
+ [PQ(Iy - IX) + (QR-P)Ixz + R IzJib

Recall

M= L b + M b + N b

Thus, the three moment equations were

ft=Pix + (-R - PQ)Ixz + QR(Iz - ly)

EM=PR(Ix - Iz) + (p2 - R2)Ixz + Q ly (38)

0=PQ(Iy - Ix) + (QR - P)Ixz + R Iz

Assumptions

Equations (35) and (38) are the aircraft equations of motion in

their complete form. Several assumptions were made in their derivation

and are listed below:

- The mass of the aircraft remains constant.

- The aircraft is a rigid body.

- The earth is an inertial reference frame.

- The Xb and Zb axes form a plane of symmetry.
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Decouypiny the Equations of Motion

Due to the coupling terms, the complete form of the aircraft

equations of motion was very difficult to use. By assuming perturba-

tions about straight and level flight, these equations decoupled into

a longitudinal and lateral-directional set of equations.

The longitudinal equations had only one control input, a deflection

of which would not cause any P, R, or V. Hence, Eqs (35) and (38)

simplified to

EFx = m (U + QW)

EFz = m (W - QU) (39)

EM = Q ly

Similarly, the lateral-directional equations had two control

inputs, deflections of either would not cause any Q. Hence, Eqs (35)

and (38) simplified to

ZFy = m (V + RU - PW)

EL = PIx - RIxz (40)

= Pixz + RIz

Longitudinal Equations

Simplification of Eq (39) was obtained by assuming stability axes

and small perturbations about straight and level flight. These as-

sumptions constituted a linearization about an arbitrary equilibrium

point. Thus

U UO u

U u
Q=q

W=w

W9w
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Substituting into Eq (39) and ignoring second order terms nroduced

the linearized perturbation equations

Fx =mu
ZFz = m(w -q UO) (41)

EM = c ly

The longitudinal forces and moments were of three types: aerodynamic,

gravitational, and thrust forces. Assuming a constant altitude, the

aerodynamic forces consisted of lift and drag which were a function of

U, a, &, q, and 6e. The gravitational forces were a function of e.

Hence, assuming that the thrust line was along Xb and through the

center of gravity, the longitudinal forces and moments could be ex-

pressed in functional form as

zFx = Fx (U, , a, e, q, 6e, 6T)

ZFz = Fz (U, a, &, e, q, 6e) (42)

EM = M (U, a, j, q, Se)

Expanding the x-force equation of Eq (42) in a first order Taylor series

expansion

,-F u• LF
,Fx = ,U +U + 0

+ PFx e + IFA q + 'Fx- s + 'T I T (43)

But F T = 0 because thrust (i.e. throttle setting) was constant.T

Also

Fx gravity = -mg sin e

Thus

_ = -mg cos 0

-mg
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Substituting the above and Eq (43) into Eq (41)

mij =--u + 3Fx ct + -F mge

+ 3FX q 3 F~ 6e (44)

Substituting 't and the longitudinal stability derivatives

(Table XIX) into Eq (44)

'un 1 x OU - cCX. xC5-q- 2U0  x

- -j-Cxq q+ e Cx~e 6e (45)

This same procedure was used for the z-force and pitching moment

equation. Note the substituteion of W tUoca was made in the z-force

equation. Hence the remainder of Eq (41) became

[S?4 2U0&LJ Ca

+ [ CLq q~1 q= Cz6e se (46)

Cmu 'u - cCm.& Cma (. + Yq

-0 -Cmq q =Cm6e 6e (47)

Equations (45) - (47) needed to be rearranged into a more useful

form, i.e., a state equation. Define

Cl +Uc CL.
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Table XIX. Definitions of the Longitudinal Stability Derivatives

k1 aFx Cq -2Up F
Sq au S-qW q

X = I -~ 1I aF7
C, SiT aaCz6e~ z 6

-2Up Cmu =o U m

Cxq D.2Up a = 1 amcq=Sq- aq C s4- Da

I 1 Fx 2Ui = m
Cx6e =SiT 6e Cm q 3a_

s- au Cmq = qica q

- -1 aF7 1 9M
CL S aCm 6e =~ 3=Se

CL -2U0 F
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Solving Eq (46) fora

a - 'u L a +iL V rnUO c CLl q + CZiSe 6e (48)
-cl c Cl LSq 2UO q CI

Substituting Eq (48) into Eq (45) and solving for tu

U LMUO CU+2mUnO Y CU

+ 51_Cx +-~ Cxi CLa]
+ MUO a 2mUO -TY a

+ S Cx~ mU ~ + (U Q - SI-Cxq] q

+ _____- ClC~ mU Czxse] I e (49)

Substituting Eq (48) into Eq (47) and solving for q*

q= SO 2 Cm, Cz 1

Cmy - j Uy ZI I

g C(, 5 cc2  CmCL, O
Iy2UOIy C I

+ F -2 M ,Q - -2U yq5-Cm FrnU - 1 --- qJ2UOIy -Cl CLqJ + S Cmq q

+ EScjj Cn6e + S#~2  CICZie1  6e (50)

Choosing

Xi = 'U

x2 =ac

x3 =8

X4=q
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Eqs (48) - (50) formed the desired state equation as

x~A x +B6ecmd (51)

where

- MU.Q + -C CL

All = q- x + S- c~z
MUO C(j 2mUO,2  Cl

A12 - Cx -qc CxACL,,,A2=mUO 2TMhu V clI

A13 = U

A21 = ___

Cl

A22 = -

A23 =0

A24-= [ml S4 2 CLq]

A31 = 0

A32 = 0

A33 = 0

A34 = 1

A4 = cCmu + V C Mftszu
Iy ~2UOIy c

102



s- 2 Cm- CL,
A42 =  y Cm- 2u]0y -C

A43 = 0

____ - F C.FMUO ~ CL1
ZI -A44 = 2UOIy -T L S - 2m

S S- C +S CxMCz6eBll =mU0  Cxse + 2b02 C]

Czae
B21 =-

B31 = 0

41 :- Cm + mCz6ely 2UOIy Cl

Lateral-Directional Equations

As in the longitudinal equations, a linearization about an

arbitrary equilibrium point was completed. Thus

U =Uo + u

V v

W=w

P=p

R~ rR=r

Substituting into Eq (40) and ignoring second order terms produrced the

linearized perturbation equations

Fy = n(' + UOr)
:L = Ix - r Ixz (2

YN = -P Ixz - 1 Iz
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The latcral-directional forces and moments consisted only of aero-

dynamic and gravitational forces. As before, the aerodyiamic forces

were lift and drag; however, in this case they w,,ere a function of ~

r, p, 5a, and 6r. The gravitational forces were a function of only 4

Hence, in functional form

FFy = Fy (~,r, p, 6a, 6r,f)

E= N (6, r, p, 6a, 5r)

Expanding the y-force equa-tion of Eq (53) in a first order Taylor series

expansion

xFy =-F -F r + E Fy 6a
3 r 3_ 36a

~~Fy 5 r+3Y ~(54)

Recall

Fy Igravity -m9 sin

Therefore

ay mg Cosp

mg

Also

V -'U 0

v U0 3

Substituting the above and Eq (54) into Eq (52)

mUO , + r) +Y 2Iyy r + p

+ 'LF + -) Y6r + mq g (55)

iar
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Substituting the lateral-directional stability d-rivatives (Table XX)

into Eq (55)

mU4 F q rLUO b r S4

Y0bCy P= Ya 6a + C r6r(56)

This same procedure was used for the rolling and yawing moment

equations with the following results

-cs b r xz~b - -

Ck9 a 5a + C 6r6r(7

-Cn~ b -- Cnr r + j-r - b21J p P ~~

-Cn 6a a +Cn~r 6r (58)

As before, Eqs (56) -(58) needed to be put in state equation

form. Solving Eq (56) for

U Y ~Cr 1ij r +UO

+ mO Y + __nF0 C~ a + mUH Cy~r ~r (59)

Solving Eq (57) for p

p Ix aoI - Ix

5tL C~ p + S C,' ~a + §5 Th C, CO
2UOIx 'p I 'x ua - x ~~ (0

Substituting Eq (60) into Eq (58) and solving fori
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Table XX. Definitions of the Lateral-Directional Stability Derivatives

c = _I DFV C 1 DL
Sq 3 -a S? b a

Cr=2U0 aFy 1 aL
Cr SWb -3r 96 r S~q4U *5-r~

2y Uo 3Fy I 1 N
Sqb * p Cn6 TB a

l a~ Cor 2U0 AN

1 3Fy n =2U0 ANCy~r st ;r Cfp V5 3p

Ca= Cn- =-~ C 1 aN
S-0 a6a
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r I S Cnl + x 5q C

+ Z L I z~ IxP
C2L2U Cnr + Ixz 2Uo-bx Cp rr

C 2 L2UOIz If + z 2UOIX pj

+ L Sgb 6 a~SL 'z Cn+ 1z Ix ~a

C2 IzIxz Ix ~ a

where

C2= I Ixz 2

Substituting Eq (61) into Eq (60) and solving for p

+ q [§xL2 i)Cn + Sjjb Cz, [1 Iz ]r

L UC2 Ix Iz r [L + C2 x Iz j

+ [~ii~ xzCnr C~ [1_Ix 2 1p
L20C2 Ix Iz P2U 01 x L C2 Ix Lzj

+[Sb Ix Cnp +~~ G-qb C, [1Z +

LC2 Ix z C'a +g I , ~a L1 + -C2f-11 Z jj6

~ [i~ XZ Cnr + Sb~ X 2 1 6r (62)
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Choosing

x1=

x2:r

x3 =

x4 = p

Eqs (59), (61), and (62) formed the desired state equation as

x Ax +B [6acmd]

Se cmdj (63)

where
C21 Ixz2C2 
= I IZ

All =- qm UO CY6

A12 = - Cyr- 1

A13 = UO

A 4 
= 2mUO 2  Cyp

A21 = -L S22 Cn + Ixz Sb Cz
C2 I + Iz _ r

A22 = 2UOIz nr Iz 2UOIx r]

A2 3 = 0

A24 = -1 [S-b Cn + -Ixz S_12  Cjp

C2 2UoIz Cnp Iz 2UoIx
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A31 =-

A3 2 = 0

A33 = 0

A34 =1

c 2 lx!z I lx -Z L 1 ~ xzi

A42  Czm n *~+ S Cir + Ixz220 C2 IxIz r TjOix I C Iz

A43 =0

A4=Scjb
2  '-IXz Cn qb p + IP L1 C2IxA4 2UOC2 iXIz n+ 2UOlx p C-xz

WiiU Y6a

B12 =mUo Y6r

B22 = Cfl6r + jI{z- ~Ik Ck6r

B31 = 0

B1=C2 IXIZ C5a +~ Ix 9a C2Ixlz_

2]1

B42 = -C I~~ Cfl~r + + s C21IZ
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Summary

The complete form of the force and moment equations can be found

in Eqs (35) and (38). The decoupled linearized perturbation equations

can be found in Eqs (41) and (52). Lastly, the longitudinal and lateral-

directional state equations can be found in Eqs (51) and (63).
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Appendix C

Time Resyonses

Representative time responses were generated for the basic RPV,

the augmented RPV, and the nonlinear simulation and are contained in

this appendix. Each figure contains a series of three time responses,

one for each of the systems mentioned above. This arrangement facili-

tates easy comparison between the different systems. The longitudinal

time responses are displayed in Figs 30 - 35. The lateral time re-

sponses are given in Figs 36 - 44. Lastly, the directional time

responses are contained in Figs 45 - 53.
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Figure 30. RPV Forward Velocity due to a 1 sec Pulse

Elevator Cormand of -5 deg
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Figure 31. RPV Angle of Attack due to a 1 sec
Pulse Elevator Command of -5 deg
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Figure 32. RPV Pitch Angjle due to a 1 sec

Pulse [levaftor Crima~nd of -5 deg
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Figure 38. RPV Yaw Rate due to a 1 sec
Pulse Aileron Corvmand of 5 deg
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Figure 39. RPV Bank Angle due to a 1 sec
Pulse Aileron Commv~and of 5 deg
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Figure 40. RPV Roll Rate due to a 1 sec
Pulse Aileron Command of 5 deg
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Figure 41. RPV Aileron Deflection Angle due to a I sec
Pulse Aileron Comm~and of 5 deg
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Figure 42. RPV Aileron Deflection Rate due to a 1 sec
Pulse Aileron Command of 5 deg
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Figure 43. RPV Rudder Deflection Angle due to a 1 sec
Pulse Aileron Command of 5 deg
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Figure 44. RPV Rudder Deflection Rate due to a 1 sec
( Pulse Aileron Command of 5 deg
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Figure 45. RPV Sideslip Angle due to a 1 sec
Pulse Rudder Command of 5 deg
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Figure 46. RPV Yaw Angle due to a 1 sec
Pulse Rudder Command of 5 deg
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Figure 48. RPV Bank Angle due to a 1 sec
Pulse Rudder Convand of 5 deg
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Figure 49. RPV Roll Rate due to a 1 sec
Pulse Rudder Command of 5 deg
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Figure 50. RPV Aileron Deflection Angle due to a I sec
Pulse Rudder Coirmand of 5 deg
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Figure 52. RPV Rudder Deflection Angle due to a 1 sec
Pulse Rudder Comm11and of 5 deg
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Figure 53. RPV Rudder Deflection Rate due to a 1 sec
Pulse Rudder Command of 5 deg
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